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ABSTRACT 
This thesis presents the fabrication, development and characteristics of a liquid lens based on 
electrowetting. Essentially, when the lens is in liquid form, both its position and its curvature 
can be reversibly tuned through electrowetting. Variable focal length liquid microlenses are 
being used to create the next generation lenses for a wide variety of microelectromechanical 
systems (MEMS) and NEMS applications. In real-time operations, the application of a voltage 
causes the lens to change its focal length. The liquid lens recovers its initial focal length upon 
removal of the voltage. Taking a wettability mechanism approach, surface properties are 
determined by contact angles of different test liquids on the samples due to their unique 
surface energies [1].  
To search out and examine the particularities, in an attempt to learn the facts about liquid 
lenses, electrowetting is incorporated into the design of a liquid lens in a certain fabrication 
plan. This electrowetting is considered to control and maintain the planar (2D) liquid lens 
shape and its position by applying potential between electrodes and ground through the 
conductive liquid. Based on this electrowetting, a planar liquid lens is designed, consisting of 
conductive liquid such as oil or water and substrate with specific pattern of electrodes. The 
conductive drop should be confined to the center position. The electrodes, covered by a 
hydrophobic layer, when applying electric potential on them (or some of them) help to change 
the shape and position of the droplet that forms the lens. The focal length of the lens also 
varies, according to different droplet dimensions.  
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ABSTRACT (castellano) 
Esta tesis presenta la fabricación, el desarrollo y la caracterización de una lente de líquido 
basado en "electrowetting". Esencialmente, cuando la lente está en forma líquida, tanto su 
posición como su curvatura puede ser controlado aplicando un potencial, lo que modifica las 
características físicas del líquido, variando así su ángulo de contacto. Microlentes líquidas de 
longitud variable se utilizan para crear las lentes de próxima generación para una amplia 
variedad de sistemas microelectromecánicos (MEMS) y aplicaciones de NEMS. En 
operaciones en tiempo real, la aplicación de un voltaje hace que la lente cambie su longitud 
focal, recuperando esta su longitud focal al retirar la tensión. Tomando un enfoque mecanico 
del "wetting", las propiedades de una superficie están determinadas por los ángulos de 
contacto del líquido de ensayo, debido a sus energías superficiales únicas [1]. 
Para buscar y examinar las características principales de las lentes líquidas, en este trabajo se 
ha realizado el diseño de una lente líquida basada en el efecto del "electrowetting", partiendo 
del diseño, la fabricación y la caracterización final. Se realizó un diseño de electrodos planar, 
para obtener un control planar (2D) de la lente, variando su forma y posición aplicando un 
potencial entre sus electrodos. Basado en este diseño se fabricó la lente líquida, que consistio 
en una gota de líquido conductor, aceite o agua y un substrato con los electrodos que están 
cubiertos por una capa hidrofóbica. La gota conductora está inicialmente confinada en una 
posición central. Los electrodos, al aplicar la diferencia de potencial cambian la forma y la 
posición de la gota que forma la lente. La distancia focal de la lente también varía, de acuerdo 
con la variación del tamaño de la gota. 
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ABSTRACT (català) 
Aquesta tesi presenta la fabricació, el desenvolupament i la caracterització d'una lent de 
líquid basat en "electrowetting".Essencialment, quan la lent està en forma líquida, tant la 
seva posició com la seva curvatura poden ser controlats aplicant un potencial, el que modifica 
les característiques físiques del líquid, variant així el seu angle de contacte. 
Microlenteslíquides de longitud variable s'utilitzen per crear les lents de pròxima generació per 
a una àmplia varietat de sistemesmicroelectromecànics (MEMS) i aplicacions de NEMS. En 
operacions en temps real, l'aplicació d'un voltatge fa que la lentcanviï la 
seva longitud focal, recuperant aquesta la seva longitud focal en retirar la tensió. Prenent un 
enfocament mecànicdel "wetting", les propietats d'una superfície estan determinades pels angl
es de contacte del líquid d'assaig, a causa de les seves energies superficials úniques [1]. 
Per buscar i examinar les característiques principals de les lents líquides, en 
aquest treball s'ha realitzat el disseny d'una lent líquida basada en l'efecte 
del "electrowetting", partint del disseny, la fabricació i la caracterització final. Es va 
realitzar un disseny d'elèctrodes planar, per obtenir un control planar (2D) de la lent, variant la 
seva forma i posició aplicant un potencialentre els seus elèctrodes. Basat en aquest disseny es 
va fabricar la lent líquida, que va consistir en una gota de líquidconductor, oli o aigua i 
un substrat amb els elèctrodes que estan coberts per una capa hidrofòbica. La 
gota conductora estàinicialment confinada en una posició central. Els elèctrodes, en aplicar la 
diferència de potencial canvien la forma i la posicióde la gota que forma la lent. La 
distància focal de la lent també varia, d'acord amb la variació de la grandària de la gota. 
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AIM OF THE PROJECT 
 
A primary goal of this project is to control and maintain the shape and the contact angle of a 
drop in 2D. To reach the aforementioned goal of this project and perform the electrowetting 
process, firstly, it is necessary to find ourselves in the possession of: (i) a transparent substrate 
(Glass substrate , Glass slide or PDMS substrate) , (ii) a thin transparent conductive layer, (iii) 
a transparent dielectric layer and (iv) a transparent hydrophobic layer.  A droplet of water 
works as a lens. Electrowetting then controls the shape of the water drop and the focal length 
may be varied with an applied electric potential. Due to the controllable variable focal length 
of this lens, it is applicable to various optical applications which need an integrated and 
controllable lens. The phenomenon of electrowetting technology aroused great interest in 
recent years, becoming the basis for innovative new applications. The purpose of this project 
is to highlight the manner in which the droplet movement, position and tilt angle can be not 
only controlled, but also maintained. Considering that tunable fluidic micro lenses can focus 
and direct light, one of the most common lenses which are used in almost all kind of optical 
devices is the Plano Convex lenses (Fig.1). According to the property of liquid form of 
materials, when they meet the solid, the wetting will occur and, thus, the transparent liquid can 
be used as Plano convex lenses to control light and focus. One of the usage of liquid lenses is 
in the optical camera, we can dare to foresee. In the near future, this technology will create the 
possibility to produce new generations of Micro cameras with high capability of digital focus 
and zoom and, furthermore, in one of the most popular devices nowadays, the “e-readers” 
which are using the electrophoretic motion of particles inside small capsules. Recently, it has 
been observed that the phenomenon of liquid’s wetting or Electrowetting presents several very 
attractive features for use in reflective displays (Fig. 1): low power consumption, fast response 
speed and scalability. The electrowetting can be used to form the basis of a reflective display 
that is significantly faster than electrophoretic displays, so that video content can be displayed 
easier and in a speedily way .   
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In order to acquire the results and, therefore, to reach the goals of the project, several 
preliminary targets were considered in order to avoid the possible errors that could occur in 
the whole process, as follows: 
 
1. Choosing an adequate glass substrate with appropriate thickness; 
2. Cleaning the process substrate; 
3. Selecting a condign photoresist and following the manual process; 
4. Paying attention to the exposure time and developing; 
5. Establishing the correct configuration of the sputtering machine and using the right 
process; 
6. Liftoff process ; 
7. Using the correct rate of Silicon oil to prepare PDMS;  
8. Verifying probes connections and device configuration; 
Fig. 1: Plano Convex lens , Electrowetting technology 
scheme use for e-reader 
xiv 
 
9. Setting up the connection of probes with the conductive connectors;  
10. Setting position of the camera and the amount of light; 
11. Establishing the necessary amount of liquid (water) and placing it in the center of the 
pattern; 
12. Generating the software configuration;  
13. Discharging the static electricity;   
 
It is compulsory that all the above mentioned steps have to be executed correctly and 
carefully. In case any of the steps has not been performed in the right manner, in order to 
obtain the envisioned results, all the previous steps have to be repeated from the beginning. 
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1 INTRODUCTION 
 
1.1  Overview  
 
Liquid is a form of matter with a definite volume but no fixed shape and this property of liquid 
materials can be used in liquid lenses. The surface of a liquid behaves like an elastic 
membrane in which surface tension appears, allowing the formation of drops and bubbles. 
Naturally, liquid has the ability to maintain the contact with the solid surface which is called 
wetting, this contact of liquid and solid causes the contact angle which is directly related to the 
surface tension. The combination of physical and electrical properties of the liquid is called 
electrowetting phenomenon. The electrowetting is controlling and modifying the wetting 
property of liquid (e.g. contact angle) by applying electric field. This phenomenon can be used 
in a wide range of optic devices such as micro cameras, displays, e-books,etc.  
Main applications exhibit a 1-D control of the liquid, whereas the main goal of this Master 
thesis is to achieve a 2-D drive of the droplet based on electrowetting on dielectric (EWOD). 
The liquid lens based on EWOD consists on a transparent liquid droplet on a transparent 
holder which consist of Hydrophobic dielectric film top layer of substrate, Transparent 
electrode (Indium tin oxide) and glass substrate. In this work, the 2-D liquid lenses are 
designed, fabricated and characterized. Electrical and optical measurements show the good 
performance of the devices.  
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1.2 Research Goals 
 
The goals of this research are: 
 
1) Analyze and examine carefully and in detail so as to identify causes, key factors, possible 
results of surface wettability based on surface energy and applied electric potential; 
2) Ascertain the surface modification and contact angle variation based on electrowetting due 
to electric potential difference;  
3) Examine the variety of the droplet shape and position by applying electric potential;   
4) Design, fabricate and characterize the liquid lens. 
 
Most of the work found in the literature is limited to the integration of lab-on-a-chip and off-
the-plane structure .The motivation of the current project is to design and fabricate a liquid 
lens which can be spatially controlled and design micro liquid lens which can be used in more 
complicated systems and, subsequently, enrich the literature related to this field of research. 
 
1.3 Thesis Outline 
 
The main body of this thesis comprises six chapters. 
Chapter 2: Overview of Lenses and optical theorem. Explore the basics of MEMs technology 
and Lens in microsystems (microlens). Discuss the background of the research on a liquid 
lenses considering different technologies to fabricate variable focal length microlens.  
Chapter 3: Discuss the theorem of electrowetting phenomena and its parameters. Describe the 
behavior of electrolyte droplets on the dielectric layer. 
Chapter 4: Describe the design and fabrication process of the electrowetting liquid lens. 
Chapter 5: Present the measurements and experimental result of the liquid lens, based on 
electrowetting that demonstrates the variable focal length of the lens.  
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2 Background researches on Liquid lenses 
 
2.1 Lens in Micro-Electromechanical Systems (MEMS) 
2.1.1 Basic of MEMS technology  
 
Micro-ElectroMechanical Systems (MEMS) represent the technology that connects 
mechanical and electrical systems of very small size. MEMS devices or systems are a 
combination of electrical and mechanical components in a size from sub-micrometer level to 
the millimeter level. MEMS are made up of components between 1 to 100 micrometers in size 
(i.e. 0.001 to 0.1 mm). They can include one or a combination of different particular systems 
accomplishing complicated functions such as simple micro switch as primary component until 
complex combination forming a central unit for the processing data and several components 
that interact with the outside such as micro-sensors or micro robot.  
The MEMS revolution began in a strikingly new way, through lecture of Richard Feynman in 
1959 (“There's Plenty of Room at the Bottom”) [2].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.   2-1: A Biref History of MEMS Revolution 
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MEMS technology gave birth to a wide range of possible applications mainly in following 
three fields: 
- Sensors  
- Actuator  
- Structure  
Some of the applications involve only one of these fields but most of them entail two or more 
of the application fields. From another view point, MEMS applications are categorized 
through the field of their application (commercial applications included) such as Inkjet 
printers, Accelerometers, MEMS gyroscopes, Displays, etc. 
 
 
  
 
   
 
 
 
 
 
 
 
 
 
 
Fig.   2-2: Integrable Micro-Optics Diffractive and Refractive Lens , Spring - Klaassen, et al 1995 
,Miniature statue of Bowl [3]  
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The fabrication techniques used in MEMS consist of the conventional techniques developed 
for integrated circuit processing and a variety of techniques developed specifically for MEMS. 
The three essential elements in conventional silicon processing are deposition, lithography and 
etching, as illustrated in (Fig. 2-5). 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig.   2-3: Illustration of the MEMS fabrication [4]   
6 
 
2.2 Microlens  
Recently, numerous microscale components were developed in the MEMS area. 
Microstructures in MEMS are defined as precision miniaturized elements, such as 
microlenses. Consequently, microstructures should always function with other MEMS 
elements.  
A microlens is a small lens, generally with a diameter less than a millimeter (mm) and often as 
small as several micrometres (μm). A typical microlens may be a single element with one 
plane surface and one spherical convex surface to refract the light. Generally, a microlens can 
be divided into two major categories based on its focal length: a fixed focal length microlens 
and a variable focal length microlens.  
The study of variable focusing microlenses has been an area of activity for many years. 
Variable focal length is a necessary attribute in many optical applications if the object being 
imaged is not in a fixed position. Several recent publications have recognized the potential for 
the variable microlens to impact significantly on the field of optical applications. Variable 
focal length lenses can be made by changing the shape of the lens or changing the index 
distribution. An example of a variable lens: the human eye changes its shape and refractive 
index in order to achieve dynamic focus [5]. Several research groups have embarked on 
Microlens research projects in order to obtain maximum variety of focal length. There has 
been work using voltage-controlled liquid crystal as active optical elements, for standard 
imaging systems as well as for fiber coupling [6]. Other variable lenses have been based on 
shape changes. Microfluidics enables the controlled injection of fluid into chambers with 
deformable membranes [7]. Fluid re-distribution can also be initiated mechanically to produce 
variable lenses [8]. Recent work shows lens properties of a controlled liquid drop shape, with 
no membrane [9]. A liquid droplet forms a curved surface, and hence can be used as a lens. 
The shape of a liquid droplet on a solid surface can be controlled by surface tension or by a 
surface modification such as wetting. The following section describes different methods for 
surface modification of liquid lens: 
• Acoustic Radiation forces 
• Electromagnetic control 
• Ferrofluidic actuator 
• Electrowetting 
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2.2.1 Acoustic Radiation forces: 
 
Acoustic radiation force is a phenomenon associated with the propagation of acoustic waves in 
attenuating media. Attenuation includes both scattering and absorption of the acoustic wave. 
Attenuation is a frequency dependent phenomenon. The liquid lens that utilizes acoustic 
radiation force has a variable focal length and furthermore faster response than conventional 
mechanical lenses. Its shortest response time (i.e., the time to move the focal point of the lens 
from infinity to 4.1 mm) was 6.7 ms. The liquid lens consists of (i) a cylindrical acrylic cell 
(with an inner diameter: 10 mm; with thickness of: 3 mm), (ii) two immiscible liquids with 
different refractive indices (water and silicone oil), and (iii) an annular piezoelectric lead 
zirconate titanate transducer with four electrodes. The transducer with the electrodes was 
excited by a four-phase drive, which generates a non-axisymmetric sound pressure field in the 
lens and induces non-axisymmetric deformation of the lens. The oil–water interface could be 
deformed and its focal point could be varied in three dimensions by controlling the input 
voltages of the PZT (lead zirconate titanate) electrodes. The displacement angle in the radial 
direction was approximately 3° when two of the electrodes were excited by an input voltage of 
45 V at a frequency of 1.9 MHz [10]. 
 
 
 
 
 
 
(d) 
Fig.   2-4: Liquid lens: (a) photograph, (b) schematic view, and (c) configuration , 
(d) Radial profiles of the oil–water interface excited with voltages in 
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2.2.2 Electromagnetic Force: 
 
Ferrofluids were originally discovered in the 1960s at the NASA Research Center, where 
scientists were investigating different possible methods of controlling liquids in space. The 
benefits of a magnetic fluid were immediately obvious: The location of the fluid could be 
precisely controlled through the application of a magnetic field, and, by varying the strength of 
the field, the fluids could be forced to flow.  
The ferrofluid is a magnetic fluid made out of nanometer sized pieces of iron or various iron 
oxides, magnetite or cobalt suspended in a liquid (typically in an oil). A ferrofluid behaves 
superparamagnetically and can be manipulated by external magnetic fields, providing 
numerous applications in microfluidic systems. Electromagnetism offers several advantages 
for moving capillary surfaces, including energy efficiency, fast response and device 
integrability. Here, electromagnetic control of a liquid lens shape is made by using ferrofluid 
plug. The microlens consists of a cylindrical well filled with a lens liquid connected to a 
microchannel containing a ferrofluid plug. When the ferrofluid plug is moved back and forth 
by an external magnetic field, the lens liquid is displaced, forming a liquid lens with an 
adaptive focus in the cylindrical well. The lens can be acted on by a magnetic field of about 
100 mT which can be generated by microcoils. The focal length of the lens can be changed 
from infinity to the scale of the radius of the cylindrical well [11].  
 
 
 
 
 
 
 
 
 
 
Fig.   2-5: Photographs of the liquid lens for different displacements of the permanent magnet at 
(from bottom to top): initial position, 0.95 mm, 1.91 mm, 2.86 mm, 3.81 mm, 4.76 mm, 5.75 mm, and 
6.67 mm. The Theoretical prediction and experimental data corresponding contact angel between the 
lens and the chip surface are 0◦, 11.7◦, 21.2◦, 33.1◦, 44.4◦, 53.8◦, 61.9◦, and 67.6◦. 
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2.2.3 Electrowetting : 
 
As previously mentioned, Electrowetting has become one of the most widely used tools for 
manipulating tiny amounts of liquids on surfaces. Applications range from ‘lab-on-a-chip’ 
devices to adjustable lenses and new kinds of electronic displays. Electrowetting is a physical 
phenomenon which can modify the surface tension of liquids on a solid surface using a 
voltage. This phenomenon implies that a change is produced in the shape of the drop by 
applying voltage. The liquid lens based on electrowetting on dielectric (EWOD) is a 
transparent liquid droplet on transparent flat cell which consist of (i) a hydrophobic dielectric 
film top layer of substrate, (ii) a transparent electrode (Indium tin oxide) and (iii) glass 
substrate. In order to fluctuate the focal length, the conductive inner lens was put into motion 
by applying a voltage to the pinwheel-shaped coplanar electrodes [12]. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Fig.   2-7: Imaging characteristics of the fabricated liquid lens: (a) out-of-focus state (0 V), (b) 
in-focus state ( Vrms: 50, 5 kHz;magnification: 1.14) and (c) photograph of the line pair with 20 
lp/mm (inner lens diameter: 1 mm; aperture diameter: 0.5 mm; magnification: 1.05) 
Fig.   2-6: Schematic view of  the proposed variable lens 
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This chapter explored the literature review of microlenses, more specifically liquid lenses. 
Thus, liquid lenses are divided by their surface modification energy that are: Acoustic 
radiation force, Electromagnetic force and Electrowetting (surface tension and applied 
voltage). In Micro liquid lenses, conventional control of focal length is based on surface 
modification.  
In liquid lens based on acoustic radiation force actuation of a focal length, lens has problems 
such as huge surface noise and large power consumption. Moreover the variation of the 
contact angle is very small (approximately 3°). 
In liquid lens based on the electromagnetic force variation of focal length, lenses are good, but 
it is required the external magnetic source to control ferrofluid and move the liquid through 
the channel in order to modify liquid surface and, hence, it is not affordable. 
However, a liquid lens has recently become an attractive alternative to a variable focal length 
microlens due to its fast response time, low power consumption and reversibility. 
Furthermore, electrowetting has become one of the most widely used tool for manipulating 
tiny amounts of liquids on surfaces. Applications range from ‘lab-on-a-chip’ devices to 
adjustable lenses and new kinds of electronic displays. 
The main motivation of this thesis is to develop and demonstrate a liquid lens based on 
electrowetting. In this work, planar sector electrodes are employed in order to control the 
liquid  droplet shapes using electrowetting, as well as to control the position of the droplet in 
the sector area. The water drop in the center of the pattern acts as a planar lens and it is placed 
on the hydrophobic surface to achieve a maximum contact angle and approximately spherical 
shape of lens. Therefore, in this way, after applying voltage, we can achieve a large variation 
of focal length (aproximatelly 40°). 
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3 Gabriel Lippmann Theorem and Electrowetting phenomena  
3.1 Brief history of Electrowetting 
 
In 1875, Gabriel Lippmann demonstrated, through rigorous theory and experiments, a 
relationship between electrical and surface tension phenomena [13]. This relationship allows 
to control the shape and the motion of a liquid meniscus through the use of an applied voltage. 
The liquid surface changes shape when a voltage is applied in order to minimize the total 
energy of the system (i.e. the sum of the surface tension energy and electrical energy). In his 
seminal paper, he showed applications of this effect ranging from allowing sensitive voltage 
measurements to a working electro-capillary motor. Today, this effect is known as 
electrowetting and has seen a resurgence in modern applications in the area of Micro-Electro-
Mechanical Systems (MEMS). Some of these applications include cell phone camera lenses, 
video speed electronic paper, and `lab-on-a-chip' devices. Following Lippmann, in 1936 
Froumkin, for the first time, managed to change the surface shape of water drops by using the 
surface charge and with this, the world started experiencing the electrowetting revolution and 
benefits of micro lenses.  
Note should be made that the term of electrowetting was first introduced in 1981 to describe 
an effect proposed for designing a new type of display devices. Following that in 1990 Berg 
introduced the idea of using a thin insulating layer to separate the conductive liquid from the 
metallic electrode in order to eliminate the problem of electrolysis. This has subsequently 
become the base of Electrowetting on Dielectric (EWOD) [1] and also the project explored 
through the present paper.The electrowetting effect has been defined as "the change in solid-
electrolyte contact angle due to an applied potential difference between the solid and the 
electrolyte". Put in more simple words, electrowetting is the process of modifying the wetting 
properties of a surface that is normally hydrophobic through the application of an electric 
field. Therefore electrowetting is a physical phenomenon which can modify the surface 
tension of liquids on a solid surface through the usage of voltage. By applying a voltage, the 
wetting properties of a hydrophobic surface can be modified and the surface becomes 
increasingly hydrophilic (wettable).  
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3.1.1 Physical phenomena  
 
For the physics and chemistry points of view through the electrowetting phenomenon , the 
spherical shape of the drop (regardless of the type) is shaped by intermolecular forces between 
the molecules comprising it. In micro scale, a molecule located within the drop is equally 
attracted in all directions by the molecules surrounding it, and, as a consequence the total force 
exerted on it is zero. However, a molecule located close to the drop surface is attracted only by 
its inner neighbors and, therefore is subject to a resultant force in the direction of the 
neighboring molecules (Fig. 3-1-b). This effective attraction of a molecule on the surface 
creates the “surface tension”.  
The surface tension is a physical quantity measured in units of force per unit length, or 
equivalently in units of energy per unit area, and it expresses the amount of energy necessary 
to enlarge the surface by one surface unit. Since the sphere has the lowest surface area per 
given volume, it is easy to understand that this is also the state with the lowest surface energy, 
which, correspondently, generate the spherical shape of the drop (Fig. 3-1-a). In different 
fluids intermolecular forces present different characters and intensities. 
 
 
 
 
 
 
 
In additional, it is relevant to add that from this perspective, wetting is the ability of a liquid to 
maintain contact with a solid surface, resulting from intermolecular interactions when the two 
are brought together. The degree of wetting (wettability) is determined by a force balance 
between adhesive and cohesive forces. 
Fig.   3-1: (a) Cohesive forces  vs. adhesion forces (b) Boundary tension 
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3.1.2 Theoretical background 
 
As previous discoveries that helped shape development in this field, we should mention that in 
1805 the British physician Thomas Young of Cambridge University found the relation between 
the contact angle of a liquid surface with a solid (the angle between the surface of the drop and 
the solid surface on which it was laid upon). In the absence of external electric fields, the 
behavior of the droplets is then determined by surface tension alone. The free energy F of a 
droplet is a functional of the droplet shape. Its value is given by the sum of the areas Ai of the 
interfaces between three phases, the solid substrate (s), the liquid droplet (l), and the ambient 
phase, which we will denote as vapor (v), therefore the surface tension between the drop and 
the solid surface (γsl), the surface tension between the solid surface and the vapor (γsv) and 
the surface tension between the drop and the air (γlv). According to Thomas Young’s equation 
the contact angle describes the interfacial effects among solids, liquids, and vapors at the edge 
of a liquid droplet, as it is obvious in Fig. 3-3 showing a schematic diagram of the contact 
angle on the edge of a liquid droplet.  
 
 
 
 
 
 
 
 
 
 
 
 
 
θ 
θ 
γlv 
γsv γsl 
γlv 
γsv γsl 
Fig.   3-2: the contact angle θ related to the surface tension 
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The Young’s equation that describes the relationship of surface tensions among the three 
phases is:  
 
γlv cos 𝜃 =  γ𝑠𝑣 −  γsl  
Hereby wetting is defined by the value of contact angle and, when the contact angle is equal to 
zero, the phenomenon is called complete wetting. If the contact angle has a certain value, it is 
called partial wetting. 
The contact angle depending on goal of project is divided into two main categories: the static 
contact angle and the dynamic contact angle. The static contact angle is mostly used for 
measuring wettability between fluid and solid surfaces which are interrelated with the 
chemical properties of materials. The dynamic contact angle is used to measure the contact 
line and surface curvature in variable fluid surface (ex. Liquid lens). A dynamic contact angle 
depending on whether the solid and liquid interface area is increasing or decreasing can be 
further classified into an advancing contact angle and a receding contact angle [14]. 
As it mentioned before, in 1875 the French physicist Gabriel Lippmann discovered the relation 
between the physical and electrical parameter of the wetting phenomenon and demonstrated 
the first theory of electrowetting which comprised both physical and electrical components 
and it’s in this background where the charge becomes a significant term in that equation in 
term of voltage [13]. The principal of Lipman theorem was based on electrocapillarity that 
discovered variations in interfacial tension as an electric potential is applied between an 
electrolyte solution in direct contact with a metal(mercury). The classical Lippmann equation 
is the following: 
 
𝜕𝛾
𝜕𝑉
⃒𝑇,𝑝,𝜇 = −𝐶𝑉𝐴  
 
where γ is the interfacial tension (between the metal and electrolyte), V the applied potential, 
T the temperature, p the pressure and μ the chemical potential. The right hand side of the 
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equation is the surface charge density, where C is the capacitance with cross sectional area A 
and separation d. 
By developing the theorem of Lipman in 1990 Berg demonstrated the usage of thin dielectric 
layer in order to avoid electrolysis of the aqueous solution. The general experiment scheme for 
electrowetting on dielectric(EWOD) is shown in Fig. 3-5.  
 
 
 
 
A potential is applied between (i) a conducting liquid on an insulating layer and (ii) a counter 
electrode positioned below the insulating layer. Charge accumulates upon the solid-liquid 
interface, leading to a change of the contact angle, which is transformed from hydrophobic to 
more hydrophilic. 
This gradual evolutions lead to a new possible numerical model of electrowetting which 
defines a new relevant surface tension complex equation by considering the physical and 
electrical components of a liquid as below described:  
 
γ˳𝑠𝑙 - The surface tension between the drop and the solid surface (“conductor”) at 
zero electric field 
θ - The macroscopic contact angle between the drop and the dielectric. 
Conductive 
Drop 
Dielectric 
Contact angle  
θ 
 
θ 
Dielectric 
Fig.   3-3: Schematic view Electrowetting on dielectric surface 
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C -The capacitance of the interface 
єᵣє˳
t
 dielectric thickness (“t”) and permittivity 
(“єr”). 
V - The effective applied voltage which can be negative or positive. 
γ𝑠𝑙 =  γ˳𝑠𝑙 −  𝐶. 𝑉22  
γ𝑠𝑙 =  γ𝑠𝑣 −  γ𝑙𝑣 cos 𝜃 
 
𝜃 = cos−1 �γ𝑠𝑣 −  γ˳𝑠𝑙 −  𝐶.𝑉22γ𝑙𝑣 � 
 
3.1.3 Contact angle saturation  
 
According to the electrowetting equation, the contact angle is directly influenced by the 
applied voltage. Hence, we can draw the conclusion that, it should be possible to obtain a 
complete wetting (zero contact angle) by continuing to increase the applied voltage. 
Nevertheless, the complete wetting has never been observed experimentally. The parabolic 
relation between the observed contact angle and the applied voltage described by Lipman 
equation was only applicable to be hold at a low voltage and above a certain voltage the 
electrowetting contact angle starts to deviate from the equation and always has been found to 
saturate. The exact mechanism of the contact angle saturation has not yet been elucidated and 
is the object of numerous debates. The contact angle saturation is based on the charge that 
consist is explained through several hypothesis [15]:  
 
• Dielectric Charging (Fig. 3-4-a) 
• Insulating Fluid Charging (Fig. 3-4-b) 
• Instabilities, Micro-droplet Ejection and Gas Ionization (Fig. 3-4-c) 
• Zero Interfacial Tension 
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           (a)                                             (b)           (c) 
 
 
Previous studies on the contact angle saturation clearly show that several parameters are 
involved when the contact angle saturation is occurring, but mainly it is a time-dependent 
phenomenon, with different physical mechanisms dominating the saturation behavior over 
different time scales.  
 
3.1.4 Application 
 
The electrowetting technology has wide range of applications and multiple possibilities 
emerge from it [16], The electrowetting technology consists of different type processes and 
techniques, The most commons being the following:  
• Electrowetting on dielectric (EWOD);  
• Electrowetting on insulator coated electrodes (EICE);  
• Electrowetting on line electrodes (ELE);  
• Static electrowetting;  
• Spontaneous electrowetting 
 
Fig.   3-4: Differet hypothesis of contact angle saturation 
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These techniques are used a wide range of applications from modular to liquid adjustable 
lenses, electronic displays (e-paper) and switches for optical fibers. Electrowetting has 
recently been evoked for manipulating Soft Matter particularly and, suppressing the coffee 
stain effect (Fig. 3-5) [17]. In addition, filters with electrowetting functionality have been 
suggested for cleaning oil spills and separating oil-water mixtures [16]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.   3-5: Schematic of the drop evaporation process. Top row represents evaporation 
without electrowetting and with contact line pinning; middle and bottom panels show the 
process with electrowetting and mobile contact lines. The middle panel illustrates the 
conventional EW setup whereas the bottom panel illustrates the alternative wire-free 
geometry of EW using interdigitated electrodes. Right column: schematic and experimental 
intensity cross-sections (solid lines) through the residue [17] 
.  
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4 Design and Fabrication 
 
4.1 Design 
4.1.1 Introduction 
 
In order to have 2D liquid lens based on EWOD, it is necessary to design the specific planar 
electrode shape. The device we are fabricating consists of a glass substrate where the 
conductive, dielectric and hydrophobic layer are formed on the top glass surface. In Fig. 4-1 is 
illustrated the 2D liquid lens designed to create a Plano convex lens which is able to modify it 
in two dimension. Hence, it has a specific shape of the electrode and two layers of dielectric 
and hydrophobic on top. For the fabrication of the 2D liquid lens, it is also required to design a 
special mask in order to deposit the materials on the top of the substrate. According to the aim 
of project and the fabrication process, we need to design one mask layer for the deposition of a 
metal layer on top of substrate.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.   4-1: Schematic of 2D liquid lens 
Hydrophobic layer 
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4.1.2 Mask design 
 
The pattern is formed on the substrate using a mask, which defines the areas of the resist 
surface that will be exposed to radiation and those that will be covered.  The chemical 
properties of the resist regions struck by radiation change in a manner that depends on the type 
of resist used. As it was mentioned above, irradiated regions of positive photoresists will 
become more soluble in the developer and, so, positive resists form a positive image of the 
mask on the wafer.  Negative resists form a negative image of the mask on the wafer because 
the exposed regions become less soluble in the developer.  
According to the aim of project, in order to fabricate 2D liquid lens, a specific pattern is 
required to provide a two dimensions control for the surface modification. Fig. 4-2 shows two 
different views of the mask: (i) one with the size of the pattern and the gap distances between 
the ground electrode and the positive electrodes and (ii) the mask image that is used in the 
alignment machine. As it is illustrated in the below image and the matrix table of the pattern 
comprised in Table 4-1, the mask has eight different diameter size of  sector areas and two 
different divisions of sectors, in order to  fabricate different size of 2D liquid lens with 
different resolution of surface modification. 
 
 
 
 
 
 
 
 
 
 
Fig.   4-2: Plastic Mask , Designed by Sandra 
Bermejo, MNT Group , UPC university 
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Table  4-1: Number of pattern ordered by size (millimeter) and resolution 
 
 
 
 
 
 
 
The required geometry for a planar liquid lens is two separated main electrodes (ground and 
positive electrodes) with a small gap between the electrodes (0.1mm). The outer ring electrode 
should be separated from the inner electrode as an insulator between the four electrodes. A 
detailed design is shown in Fig. 4-2. The mask has been designed in this way because of the 
main perspective: 
- Examination of the surface modification and the movement of the liquid lens on the 
lens holder with different resolution: for this reason, the mask consists of two different 
shapes in the patterns, one is with 4 sectors and another is with 8 sectors, in order to 
test the behavior of the liquid lens on a higher resolution. In theory, the behavior of the 
liquid lens should be the one exposed in Fig. 4-3.  
 
 
 
 
 
 
 
 
 
 
 
       Diametter 
Sector No. 
3.85 4.85 5.5 6.10 6.6 7 7.7 8.3 
4 sector 2 2 2 2 2 2 2 2 
8 sector 1 1 1 1 1 1 1 1 
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As it is obvious from the above figure, for the zero state (without applied potential), the drop 
lens is in the center and the shape is circular. When we apply potential on one sector, the 
contact angle and the shape of the drop will change and it moves through the current flow. 
When we apply potential in two sectors, the contact angle changes and the drop shape equally 
change through the two sectors. Finally, when we apply a voltage to the 4 sectors, the drop 
lens will expand uniformly at the center and the contact angle will also change accordingly.  
Fig.   4-3: Liquid lens behavior by applying voltage on different sectors, (a) Without 
applying voltage , (b) Applying voltage on one sector , (c) Applying voltage on 2 sector , 
(d) Applying voltage on 4 sector 
+ 
+ + 
+ 
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4.2 Fabrication process in the Clean Room  
4.2.1 Introduction 
 
The subsequent step after the cleaning process is the fabrication of the substrate, meaning the 
preparation and the addition of the necessary material layers on the glass substrate in order to 
execute the electrowetting process. The fabrication consists of seven steps as shown in Fig. 4-
2:  
A. Cleaning the substrate: First step and one of the most important steps in the fabrication 
of MEMS devices is cleaning, which means removing all the soluble components and 
the dust from the surface to purify it with acetone, isopropanol and ethanol.  
B. Photoresist spinning: Covering the substrate surface with a 14-15µm uniform layer of 
photoresist SPR 220-7.0 on a 4-inch wafer by spin coating. 
C. Lithography and photoresist development: Transferring the geometric patterns on the 
designed mask to a photoresist layer on the surface of a substrate and dissolve the 
unprotected photoresist in the developer and keep the photoresist with  the required 
pattern. 
D. Metal deposition: Deposit 100nm transparent conductive metal layer (ITO) on the 
developed substrate with the sputtering machine.    
E. Lift off process: The lift off is one of the critical steps that have to be performed 
carefully  because in this step the sacrificial layer (photoresist) is washed away by 
acetone, including the deposited material on the top of it, while it will only remain in 
the regions where it had a direct contact with the substrate. 
F. Dielectric coating: In order to prepare the 2D liquid lens holder for the EWOD process, 
it is required to deposit the thin layer of dielectric. In this step a 500nm SU-8-100 layer 
is deposited through a spin coating process on the top metal layer.  
G. Hydrophobic coating: Finally, to reach to the maximum spherical shape of the droplet, 
a hydrophobic layer of Teflon AF 1600 (100 nm) is deposited by spin coating.  
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Fig.   4-4: Fabrication process 
Cleaned Glass substrate 
Photoresist coating 
Lithography process  
Metal layer deposition 
Lift off process 
Dielectric layer coating  
Hydrophobic layer coating  
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4.2.2 Clean Room  
 
 
As a general note, we should bear in mind that a cleanroom is an environment, typically used 
in manufacturing or scientific research, that has a low level of environmental pollutants such 
as dust, airborne microbes, aerosol particles and chemical vapors. More accurately, a 
cleanroom has a controlled level of contamination that is specified by the number of particles 
per cubic meter at a specified particle size, therefore the clean room is classified by these three 
main parameters which are the following:  
• Federal Standard 209 
• British Standard 5295 
• ISO Standard 
Because of the large number of cleanroom standards produced by individual countries it 
would be desirable that one world-wide standard of cleanroom classification is produced. The 
International Standards Organization published the first standard for cleanroom classification 
and testing ISO-14644. The ISO 14644-1 standard covers the classification of air cleanliness 
in cleanrooms and associated controlled environments [18]. 
 
 
Table  4-2: ISO 14644-1: Clean room classification of air cleanliness 
Class  0.1 micron  0.2 micron  0.3 micron  0.5 micron  1 micron  5 micron 
ISO 1  10  2     
ISO 2 100 24 10 4   
ISO 3 1000 237 102 35 8  
ISO 4 10000 2370 1020 352 83  
ISO 5 100000 23700 10200 3520 832 29 
ISO 6 1000000 237000 102000 35200 8320 293 
ISO 7    352000 83200 2930 
ISO 8    3520000 832000 29300 
ISO 9    35200000 8320000 293000 
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In order to fabricate the 2D liquid lens based on the electrowetting, a part of the processes had 
to be performed within a clean room facility. The fabrication of the substrate had to be done in 
a clean room in order to prepare the 2D liquid lens for the experiments. For this purpose, the 
UPC provided the clean room under the conditions of the European standards with all 
necessary equipment to support all the project related to the Mems and Nano technology.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.   4-5: Clean room UPC university ,Mask aligner machine ,SUSS MicroTec 
MJB4 Lithography room 
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4.2.3 Fabrication Process 
4.2.3.1 Cleaning process steps  
 
The device we are fabricating consists on a glass substrate, where the electrical pads and the 
dielectric layer are formed (Fig. 4-1). In order to fabricate the liquid lens holder, the first step 
which have to be performed is cleaning the substrate in the clean room (Fig. 4-6) to remove all 
the soluble components and the dust from the surface to purify it.  
 
 
 
 
 
 
 
 
 
 
 
The steps that have to be fulfilled are the following:  
- Soaking the substrate in a petri full of acetone. 
- Removing the particles by using ultrasonic bath. 
- Soaking the substrate in another petri full of isopropanol for the removal of acetone 
and soluble components. 
- Removing cohere particles by using ultrasonic bath. 
- Soaking the substrate in another petri full of ethanol in order to remove isopropanol 
and soluble components. 
- Removing cohere particles by using ultrasonic bath. 
- Washing the substrate with desionizated water. 
- Dissipating the water with a nitrogen gun. 
- Dry substrate out from the water molecules and other materials in an oven. 
Fig.   4-6: Cleaning bench , Clean room UPC university , Lithography room 
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4.2.3.2 Photoresist coating 
 
The photoresist is an organic polymer which changes its chemical structure when exposed to 
ultraviolet light. It contains a light-sensitive substance with properties allowing the image 
transfer onto a printed circuit board. The photoresists are following: positive or negative [19]. 
- A positive resist is a type of photoresist in which the portion of the photoresist that is 
exposed to light becomes soluble to the photoresist developer. The portion of the 
photoresist that is unexposed remains insoluble to the photoresist developer. 
- A negative resist is a type of photoresist in which the portion of the photoresist that is 
exposed to light becomes insoluble to the photoresist developer. The unexposed 
portion of the photoresist is dissolved by the photoresist developer. 
The following step of sample fabrication after cleaning is the photoresist spin coating. This 
step is the patterning of a 14-15µm uniform layer of photoresist SPR 220-7.0 on a 4-inch glass 
substrate. SPR 220-7.0 is a positive photoresist designed for a wide range of film thicknesses 
with a single coat and it is ideal for thick film applications. 
Process [20]: 
- Prebake of the substrate, the wafer must be free of moisture and contaminants; both 
of them cause a multitude of resist processing problems. To evaporate the humidity of 
the surface previous to the photoresist deposition, the sample has to be baked at 120°C 
for 750 seconds using a hotplate. 
 
 
 
 
Fig.   4-7: Hotplate , Clean room UPC 
university , Lithography room. 
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Coating: the process itself of producing a uniform, adherent and defect-free resist film of 
correct thickness over the wafer is usually performed by spin-coating. Resist thickness is set 
by (i) primarily, resist viscosity and (ii) secondarily, spinner rotational speed which is given 
by:  
𝑇 = 𝐾.𝑃2
𝑊
1
2
 
where K is spinner constant, typically 80-100 , P is resist solids content in percent and W is 
spinner rotational speed in rpm/1000 [21].  
The photoresists SPR 220-7.0 have been used with spinning coating machine (Fig. 4-4-a) by 
the receipt of spinning 30 seconds at 400rpm then 80 seconds at 1000rpm which led us to 
obtain a 14-15µm thickness of photo resist. The process of spin coating is shown in Fig. 4-4-b. 
 
 
 
 
 
 
 
 
 
 
 
Fig.   4-8: (a) Spin coating Machine, Clean room UPC university , Lithography room , (b)Scheme of the 
Spin Coating process: as it shown coating photoresist has five steps ,dispense photoresist on glass substrate 
and then spread it on whole part of surface with low rpm spinning then remove surplus photoresist with high 
rmp spinning and finally in final spin speed gives thick layer of photoresist (14-15 µm). 
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- Soft bake : After the photoresist coating process, the next step is the soft bake in 
furnace that will 1) drive away the solvent from the spun-on resist; 2) improve the 
adhesion of the resist to the wafer  and 3) anneal the shear stresses introduced during 
the spin-coating. The soft bake in the oven must provide well-controlled and uniformly 
distributed temperatures and a bake environment that possesses a high degree of 
cleanliness.  Considering the properties of the photo resist, the receipt that has been 
used is at 105°C for 360 seconds using a furnace. 
 
 
 
 
 
 
 
 
 
 
After a wafer has been coated with photoresist and subjected to soft baking, now we have 
prepared the substrate with a layer of photo resist for the next step (Lithography).  
 
 
Fig.   4-9: Fornace , maximum temperature 250ºC , 
Clean room UPC university , Lithography room 
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4.2.3.3 Lithography and photoresist development 
 
Lithography is the process of transferring geometric shapes on a mask to a photoresist layer on 
the surface of a substrate. The steps involved in the lithographic process are: (i) mask 
alignment ;(ii) exposure and (iii) development, After a wafer has been coated with photoresist 
and subjected to soft baking, it has to undergo an exposure to UV-NIL radiation (UV-NIL is a 
low-cost production technology that is based on UV-curing) that will produce the pattern 
image on the resist (Fig. 4-7). UPC university provided two mask aligner devices with high 
resolution printing down to 0.5µm for the clean room (Fig 4-6), which were able to align 
plastic and glass masks (Fig 4-9). 
 
 
 
 
 
 
 
 
   B      C 
 
 
 
 
 
 
 
A 
 Fig.   4-10 : (a) Side scheme of exposure process , (b,c) Mask Aligner machines , Clean 
room UPC university , Lithography room   (Left SUSS Micortech website) 
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- Mask Alignment and Exposure 
In the lithography process, one of the most important steps is the alignment of the substrate 
with the mask which is held a with vacuum mask holder. In order to create useful devices, the 
patterns for different lithography steps that belong to a single structure must be aligned to one 
another [22].   
 
 
 
 
 
 
 
 
As it is illustrated in Fig. 4-10, there are three main methods of the alignment, depending of 
the mask and the process of the project. These are following:  
- Contact; 
- Proximity and 
- Projection. 
As it is mentioned in the section 4.1.2 in this project we used only one mask for the 
lithography process. Hence, the suitable method for the goal of the project is the contact 
alignment method. 
 
Fig.   4-11: Schematic of Alignment Fixture 
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Fig.   4-12 :Exposure Methods: contact, proximity, projection 
Light source  Optical System  
Photoresist 
 
Mask 
 
 
GAP 
 
 
 Substrate 
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- Photoresist Development  
The photoresist development process, which is the step that follows the resist exposure, is 
done to leave behind the right resist pattern on the wafer which will serve as the physical mask 
that covers areas on the wafer that need to be protected from chemical attack during 
subsequent etching, implantation, lift-off and etc.  The development process involves chemical 
reactions wherein unprotected parts of the resist get dissolved in the developer.  
Highly-pure buffered alkaline solution removes a proper layer of photoresist upon contact or 
immersion, and the degree of exposure affects the resolution curves of the resist. After the 
exposition in the lithography machine, the photoresist must wait for 45 minutes so that the 
photoresist adheres to the substrate surface. Now the photoresist is ready to be developed with 
MF-24A Developer in a petri. A good development process has a short duration (less than a 
minute), results in minimum pattern distortion or swelling, keeps the original film thickness of 
protected areas intact and recreates the intended pattern faithfully.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.   4-13 : Result after exposure and development of 
photoresist , Clean room UPC university , Lithography room 
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4.2.3.4 Sputtering 
 
Sputtering is the most widely used method for vacuum thin film deposition. Sputtering is a 
term used to describe the mechanism of the removal of surface atoms due to energetic particle 
bombardment. In this process, atoms are ejected from the surface of a material when that 
surface is stuck by sufficiently energetic particles (Fig. 4-12). This process is considered as the 
alternative of the evaporation process [23].  
 
 
 
 
 
 
 
 
 
 
A typical sputtering system consists of a vacuum chamber with substrate holders and 
magnetron guns, vacuum pumps and gauging, a gas supply system, power supplies and a 
computer control system. UPC university provided a new sputtering machine UNIVEX 350    
(Fig. 4-12) which is used for vacuum thin film deposition and also it can be used to coat 
virtually anything with a wide range of materials - any solid metal or alloy and a variety of 
compounds. 
 
Fig.   4-14 :Thin film deposition by using Sputtering technique , UNIVEX 
350 sputtering machine, Clean room UPC university , Lithography room 
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4.2.3.4.1 Aluminum sputtering 
 
One of conductive material that was used for the goal of the project is Aluminum whose 
characteristics are explained in the Annex. For the deposition of an aluminum layer with the 
sputtering machine following receipt was employed:  
 
4.2.3.4.2 ITO sputtering 
 
The polycrystalline indium tin oxide (ITO) film has a low electrical resistivity, transparency in 
the visible and high infrared reflectivity. The ITO films were prepared on glass substrates by 
radio frequency (RF) sputtering system from a high density target, following below receipt:  
 
  
 
 
 
 
 
Material of 
Target 
Distance 
Target-
Substrate(mm) 
Position Base 
Pressure 
Power Ar (sccm) Time Percentage 
of Capacitors 
Aluminum 130 
Center-
Rotating 
1.2* 10−5 350 11 12 71.2% 
 12.8% 
Material of 
Target 
Distance 
Target-
Substrate(mm) 
Position Base 
Pressure 
Power Ar (sccm) Time Percentage 
of Capacitors 
ITO 130 
Center-
Rotating 
1.3* 10−5 50 7 45 68.9.2% 
 13.6% 
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4.2.3.5 Lift off process 
 
The lift off process is one of most important and critical steps of the 2D liquid lens holder 
fabrication. The lift off refers to the process of patterning a metal film onto a wafer surface. 
The thickness of the photoresist has effect on the quality of the lift off, where the thicker 
photoresists can also help achieve good lift off patterns [24].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.   4-15: Schematic of Lift-off 
process(Wikipedia) 
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During the lift off process, three main problems may occur, as explained belowe:  
- Retention: 
The retention is an important problem for the lift off processes. This implies that 
unwanted parts of the metal layer will remain on the wafer. This can be caused by 
different situations: (i) the resist below the parts that should have been lifted off did not 
dissolve properly or  (ii) the metal has adhered so well to the remaining parts that it 
prevents the lift off. 
- Ears: 
The ears problem during lift off process will occur when an undesired metal layer 
remained upward the side walls of the photoresist and "ears" are  formed. These will be 
standing upwards from the surface or it is possible that these ears will fall over on the 
surface, causing an unwanted shape on the substrate or connections. 
- Redeposition: 
The redeposition during lift-off process will occur when particles of metal will become 
reattached to the surface, at a random location. It is very difficult to remove these 
particles after the wafer has dried. 
After the lift off process several measurement were made to check the quality, thickness and 
shape of metal surface. Fig. 4-13 shows the retention problem that occurred during the lift off 
process. 
 
 
 
 
 
 
 Fig.   4-16 : Retention problem for lift-off processes, Measured by 
profilometer , clean room , UPC University 
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Fig. 4-13 show the top view of the pattern after the lift off process when the redeposition 
problem occurred. 
 
 
 
 
 
 
 
 
 
The ¨ears problem¨ is illustrated in Fig. 4-14, measured by profilometer.  
 
 
 
 
 
 
 
 
 
Fig.   4-17 : Redeposition problem for lift-off process, top view recorded 
by Microscope , Clean room , UPC university 
Fig.   4-18: Ears problem for lift-off process, Measured by profilometer , 
clean room , UPC University 
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After several times repeating the fabrication process with a glass substrate, we manage 
fabricating the substrate with a good quality of metal deposition and a flowless lift off process 
(Fig. 4-16). One of common solution employed to avoid the lift off problems is to use the 
ultrasonic cleaning bath , as the vibration produced by the ulrasonic bath removes the ears and 
break the fragile connection between unwanted metal layers and the main layer and, in 
addition,  it washes away the metal particles that are horevign in solvent.  
 
 
 
 
 
 
a 
 
 
 
 
 
 
b 
  
 
Fig.   4-19: High quality of lift-off process(thickness 106 nm) , (a) top 
view recorded by Microscope (b) Measured by profilometer , clean 
room , UPC University 
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4.2.3.6 Dielectric layer coating (SU-8) 
 
The substrate is prepared with a thin layer of transparent conductive layer.  In order to prepare 
the 2D liquid lens holder for EWOD process, it is required to deposit the thin layer of 
dielectric. The SU-8 is an epoxy-based negative-tone photoresist with favorable mechanical 
properties, high thermal stability and high dielectric constant. The SU-8 is very hard to remove 
and outgases. Therefore, the SU-8 is not only suitable due to its structure, but also as a 
dielectric material in EWOD [25].  
 
 
  
- Procedure:  
• The wafer should be cleaned prior to starting processing.  
• Spin on the SU-8 (4ml of SU-8) : Spread at 500 rpm for 30 sec and spin for 60 
sec. The spin rate (RPM) needs to be determined based on which SU-8 viscosity 
you have purchased and what final thickness you are required.  In this case is 
1000rpm. 
• Pre-bake: The substrate should be conducted with the hotplates. The pre-bake 
times varies from one SU-8 formulation to another and from one thickness to 
another. In this case is 30min at 65°C on the hotplate. 
• Expose: The following step is exposure, optimized for a glass substrate. The 
exposure dose is UV400(Wave length 350 – 450 nm) for 15 seconds. 
• Post-exposure-bake : Place the substrate on the 75°C hotplate for five minutes.  
After Post-exposure-bake we have hard , transparent and smooth layer of 500nm SU-8. 
According to the aim of project and its characterization, the steps of development and hard 
bake are not required. 
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4.2.3.7 Hydrophobic coating  
 
The final and last step of the fabrication process is the hydrophobic coating. In order to reach 
the maximum spherical shape of the droplet, it is necessary to cover the pattern with a 
hydrophobic layer. One of the most appreciated materials  for this purpose is the Teflon (AF 
1600). Teflon AF is a copolymer of 2.2 bistrifluoromethyl, 4.5 difluoro 1.3 dioxole (PDD) and 
a fluorine-containing monomer. In this project, Teflon AF 1600 was used, which is a 
copolymer of PDD and tetrafluoroethylene. Teflon AF was preferred over Teflon because 
Teflon AF can be dissolved in a range of perfluorinated solvents.  
The Teflon AF layer is coated on top of the SU-8 by spinning and it serves as a hydrophobic 
layer. A smooth Teflon AF film has a water contact angle of 104°.  Preparing the Teflon  AF 
is one of the most difficult steps of fabrication. The Teflon AF that has been used in this 
project was prepared by clean room technician and for this work, the spin-coating technique 
was used to prepare the 100nm layer of Teflon AF. The Teflon coating has two steps:  
 
- Spin coating : 4mL Teflon AF 1600 have been used with spinning coating machine by 
the receipt of spinning 30 seconds at 400rpm and then 80 seconds at 1000rpm. 
- Soft-Bake: The time for this step is very critical and, in order to have a smooth Teflon 
layer, it is necessary to bake the substrate at 250°C for exactly 5 minutes.    
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5 Experimental results of the 2D liquid lens based on EWOD 
 
 
It is completely obvious that electrowetting is a versatile tool that can be used to achieve 
miniaturized fluid systems, as it is mentioned in chapter 4. The 2D liquid lens based on the 
EWOD process is actuated by the embedded electrode shown in Fig. 4-3 and each pattern of 
the lenses has a specific shape and size. The liquid lens developed in this work is based on a 
planar and on-plane electrode structure. Thus, electrodes can be arranged on the same plane 
without a vertical and out-of-plane wall electrode, so that the liquid lens dimensions can 
flexibly be designed for integrated lab-on-a-chip systems. The specific shape of the electrodes 
shown in Fig. 4-1 is used for modifying the drop shape in two dimensions. When applying a 
potential between the pair of embedded coplanar electrodes, a voltage is distributed evenly in 
the dielectric layer on both of the electrodes. The charges are accumulated in the capacitor and 
the surface becomes hydrophilic. However, it requires more voltage to achieve a certain 
contact angle to change in the coplanar electrode experiment.  
This chapter describes the experimental behavior of the 2D liquid lens created by applying 
potential while measuring the contact angle, the characterization of the required equipment 
and devices, the experimental measurement procedure and the measurement result.   
To examine the physical characteristics of 2D the liquid lens, the contact was measured with 
different electric voltages. 
 All the EWOD experiments were always characterized with: 
- Applied voltage and 
- Contact angle  
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5.1 The goniometer device 
 
For the purpose of the project and for the characterization of the surface modification of liquid 
lens in two dimensions, the goniometer device was used to measure the contact angle of liquid 
lens. The contact angle goniometer performs image processing by means of digital camera 
magnification. The device on the Fig. 5-1 illustrates a contact angle measurement system setup 
for electrowetting. 
The UPC University provided a goniometer device in order to examine EWOD procedure. The  
KSV's CAM 200 (Fig. 5-1) is a fully computer controlled instrument based on video capture 
of images and automatic image analysis for measuring static or dynamic contact angles, 
surface or interfacial tensions of liquids, surface free energies and absorption of liquids into 
porous materials [26].  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.   5-1: KSV's CAM200 (KSV Website) 
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The Modular CAM200 consists of: (i) a base frame, (ii) a high performance camera that 
captures the image with a high speed of 420 frames per second, (iii) a sample stage to hold the 
substrate, (iv) a pipette holder to hold the pipette for putting the drop on top of the substrate.  
For the purpose of this project, in order to modify the surface in two dimensions and capture 
it, it was necessary to develop the CAM200 base. As it is showed in the Fig. 5-2, the 
equipment was developed by adding the top view camera to provide the top capturing during 
the measurement. For this reason, it was necessary to build a new base and a satiable camera 
holder because even small vibrations could have destroyed all the experimental procedure.   
 
 
 
 
 
 
 
 
 
 
In addition, the CAM200 is supported by a special software that processes the captured images 
with a high speed camera and then calculates the surface tension, a contact angle and the drop 
area. 
  
 
 
 
 
Fig.   5-2:Developed CAM200 device, Additional top view camera. 
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5.2 Power supply 
 
As it was mentioned, the electrowetting process based on the dielectric procedure is modifying 
the liquid lens by applying the potential. The UPC University provided the high accurate 
power supply and analyzer. The Agilent 4156C Precision Semiconductor Parameter Analyzer 
(Fig. 5-3) is a highly accurate electronic instrument for measuring and analyzing the 
characteristics of semiconductor devices. This one instrument allows the performances of both 
the measurement and the analysis of the measurement results. It has four highly accurate 
source/monitor units (SMUs), two voltage source units (VSUs) and two voltage measurement 
units (VMUs). The 4156C can perform three types of measurements: sweep measurement, 
sampling measurement and quasi-static C-V measurement [27]. For this project, the sampling 
mode has been used to apply the constant voltage to the liquid lens. The applied voltage is in 
the range of 25V, 50V and 100V.  
 
 
 
 
 
 
 
 
 
 
- Probe head  
The SMU source provides the required voltage to examine the 2D liquid lens modification.  
The PH100 SUSS company probe head was used to connect the planar electrodes to the power 
supply. The PH100 incorporates an independent X, Y and Z stage system with a maximum 
mechanical cross-talk deviation of 5 microns [28]. 
 
 
 
Fig.   5-3: Agilent 4156C , UPC University , 
Characterization room 
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5.3 Experimental procedure and results 
5.3.1 Experimental procedure 
 
In order to acquire the results and, therefore, to reach the goals of the project, several steps 
have been done. At this stage, the 2D liquid lens holder is ready and fabricated and the next 
step is to prepare the equipment for the experimental measurement and to analyze the behavior 
of the liquid lens based on EWOD.  In order to reach the goals of the project, the following 
steps have to be performed in order to obtain the best results with a maximum variation of the 
contact angle: 
 
- Preparing the KSV’s CAM 200 device, run the software and check the connection 
between the camera and the PC. 
- Placing the sample on the stage and modify the height and the distance between the 
sample and the two cameras in order to have a good contrast and a complete view of 
the 2D liquid lens device. 
- Preparing the Aglinet 4156C : set the required configuration for the measurement and 
check the connection between the probeheads and the device.  
- Connect the PGU probe of Agilent 4156c to the light source in order to have an 
automation record when the measurement starts.  
- Carefully connect the probehead tip with the electrodes.   
- Carefully pull off the 2μL DI water on the center of liquid lens holder with the pipette. 
As it is showed in Fig. 5-4, the equipment is ready to start the measurement.  
 
 
 
 
 
 
 
 
 
Fig.   5-4: 2D liquid lens device ready for measurement 
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5.3.2 Experimental Result 
 
Fig. 5-5 (a) and (b) are the front views of the droplet without and with voltage applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
Fig.   5-5: Experiment result of 2D liquid lens 
based on EWOD , applied voltage 50V 
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A 2 μl DI water droplet is placed on the patterned ITO electrodes covered by 500nm-thick SU-
8 and 100-nm-thick Teflon AF 1600 layers. Since EWOD is generated by powering the 
embedded electrodes, the above probe is not necessary.  
When there is no voltage applied, the right contact angle is ~107.8° as analyzed from Fig. 5-
5(a). When applying 50 V, the contact angle is changed to ~89.8°, as shown in Fig. 5-5(b).  
Similarly, the contact angles under continues applied voltages are measured with the high 
performance camera recording front view images. The measured contact angles are plotted in 
Fig. 5-6 and also the diameter and the height of the drop were measured, as  illustrated in Fig 
5-6 (b) and (c).  
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Fig.   5-6: (a) Contact angle , (b) Diametter , (c) Height of liquid lens 
experimental result , Applied voltage 50V 
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Fig. 5.7 (a) and (b) presents the top views of the droplet without and with voltage applied. 
 
 
 
 
 
 
 
 
A 
 
 
 
 
 
 
 
 
B 
 
 
As it is illustrated in Fig. 5-7(a), when there is no voltage applied, the liquid lens position is on 
the center of the lens holder pattern and it has a circular shape. When applying 50 V, the liquid 
lens moves through the current flow and, furthermore, its shape is changing too, as shown in 
Fig. 5-7(b). Following the project, the 2D liquid lens is examined under different electric 
voltages and its contact angle and physical shape captured by the two high performance 
cameras. Between 25 V, 50V and 100 V, the values of the measured contact angles are 
compared with each other. Before 25 V, we suspect that the initial contact angle and the self-
evaporation have influenced the results because the variation of the contact angle was 
incomparable. After 100 V, the contact angle starts to saturate. 
 
Fig.   5-7: Top view of experiment result of 2D liquid lens 
based on EWOD , applied voltage 50V 
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Fig.   5-8: The 2nd experiment result of 2D liquid lens based on EWOD , (a) and 
(b) are the top and the front views of the droplet without and with 50V  voltage applied 
, (c) Contact angle measurement 
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Fig.   5-10: The 4nd experiment result of 2D liquid lens based on EWOD , (a) and 
(b) are the top and the front views of the droplet without and with 25V  voltage applied , 
(c) Contact angle measurement 
55 
 
 
 
 
 
 
 
 
 
A 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
C 
 
 
65
70
75
80
85
90
95
100
105
1 12 23 34 45 56 67 78 89 10
0
11
1
12
2
13
3
14
4
15
5
Left angle
Right angle
Average
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56 
 
5.4 Discussion  
 
We demonstrated the design and the fabrication process of 2D liquid lens based on 
electrowetting on dielectric (EWOD). The operating voltage of an electrowetting-driven liquid 
lens depends heavily on the materials used for the dielectric layer and the hydrophobic 
coating. These materials were tested in our liquid lens structure: 100nm ITO, 500nm SU-8 and 
100nm Teflon AF 1600. The change of the interfacial tension is observed and measured by the 
change of the contact angle between the droplet and the solid surface in the 2D liquid lens 
experiment. The voltage-controlled contact angle can be expressed by Lippmann-Young 
equation. 
Five different measurements for determining the contact angles of the liquid lens were 
presented and, as it is shown, the contact angles decreased through the application of the 
voltage. The first three measurements are in the range of 50V applied voltage, 25V and then 
100V applied voltage. 
As it is completely clear from the top view captured images, the behavior of the droplet is 
compatible with the expected results.  
In the first examination, in average, the contact angle changes from 107.6° to 89.9°, in the 
second and third examination, in average, the contact angle had an approximate variation 
changing from 109.8° to 94.4°, in the fourth examination, in average, the contact angle 
changes from 95.1° to 90° and, finally, in the last one the first examination, in average, the 
contact angle changes from 99.6° to 80.4°. As it is illustrated, the variation of the contact 
angle in the first examination is around 18°, while in the second and third the contact angle 
variation is around 15° whereas the applied voltage is the same. These differences can occur 
because of the electrical remaining charge on the surface of the lens holder that can be solved 
by hitting the substrate with hot air blower. According to the Lippmann equation in the fourth 
examination the variation of the contact angle has a direct relation with the amount of the 
applied voltage. Before 25V we suspect that the initial contact angle and the self-evaporation 
have influenced the results because the variation of the contact angle was incomparable. 
Finally, in last examination, by applying 100 V, the values of the measured contact angles 
change faster because of the higher voltage as it is expected. And, after 100 V, the contact 
angle starts to saturate. 
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The variation of the contact angle from the experiment exposed in this project is similar to the 
results obtain in resembling experiments, only slight differences being observed as the 
measured initial contact angle in some of the measurement is smaller than the other 
experimental result [29]. In that case, the contact angle decreased from 110° to about 83° after 
the electrical potential was applied, but only 80nm Teflon AF1600 was used as the 
hydrophobic dielectric layer. The initial contact angle reflects the surface wettability of the 
Teflon. The initial contact angle difference implies there is a degree of variation of Teflon 
coating between experiments. We also suspect the difference is caused by the contact angle 
hysteresis and the influence of the top immersed probe. We can consider this as a good proof 
for the concept in order to start up our future lines of development. 
 
 
    
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
58 
 
6 CONCLUSIONS AND FUTURE WORK 
 
6.1 CONCLUSIONS 
 
During the project we have achieved all the aims exposed in the beginning of the project. This 
thesis studied the feasibility and the characteristics of a variable 2D liquid lens. An 
electrowetting concept was employed to control and modify the liquid lens. The design, the 
fabrication and the measurement of a 2D liquid lens based on electrowetting is shown. Planar 
electrodes were placed under a dielectric and a hydrophobic layer to generate EWOD on the 
water interface. The planar design, as one of the unique features of the work in this thesis, can 
enhance the capability of the liquid lens to modify and maintain the contact angle, the shape 
and the position of the liquid lens in two dimension. The contact pads include a central and 
round ground electrode and sectors defining the positive electrodes. Different dimensions and 
contact pad topologies are tested, ranging from 3.85 mm2 to 8.3 mm2 and from 4 to 8 sectors. 
Based on the EWOD theorem and the goal of the project (the 2D liquid lens), a 2D variable 
liquid lens was designed, fabricated and characterized, using: the 100nm ITO as electrodes 
with special pattern, 500 nm layer of SU-8 as dielectric and 100 nm layer of Teflon AF 1600 
as the hydrophobic layer.  
Concepts and brief histories of surface energy, surface tension, electrowetting, and 
competitive methods of electrowetting were discussed. 
Measurements show the change in the contact angle in the sector where the voltage is applied, 
allowing to the planar (2D) drive of the contact angle change. Applying 50 V and 20 mA, the 
contact angle change in the first test is: (i) Left angle changed from 107.8° to 89.8°, (ii) Right 
angle changed from 107.5° to 90.4°. 
The measurements show the viability of the technology and, thus, open the way to future lines 
of development in the technology and the electrical fields. 
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6.2 FUTURE LINES 
 
The fabricated devices can be taken as a start up in an emerging technology. The future lines 
of our work will lead to: 
- Analyses of the current drive of the devices, calculating the switching time and the 
energy and comparing the results with the typical voltage drive. Our group has a broad 
experience in this field. 
- Studies of different topologies and of the dimensions of the positive and ground 
electrodes, designed to reduce switching time and to increase the voltage efficiency. 
- Examination of the relationship between the variation of contact angle and the 
electrodes area. The electrowetting had to be tested on the different electrodes area in 
order to find what is the effect that the rate of the ground electrode and the positive 
electrodes areas have on the contact angle variation. 
- In the technology field, we would like to try new dielectric layers, such as Al2O3, 
which is a well know dielectric that could act as a barrier, reducing the thickness and, 
in this way, the actuation voltage. 
- Design and fabricate a new goniometer device with a 3D view capturing, in order to 
have three perspectives of the liquid lens modification (top, front, right), as illustrated 
in Fig. 6-1. 
 
 
 
 
 
 
 
 
 
Fig.   6-1: New goniometer device, design and fabricate in UPC 
university , MNT group  
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